Introduction
An aberrant equilibrium of circulating molecules like minerals and trace elements (for example iron, iodine and zinc) in the patients' blood is closely involved in the development and progression of heart failure. [1] [2] [3] [4] It was shown that up to 50% of patients with heart failure suffer from some form of malnutrition, like micronutrient insufficiencies. 5, 6 Selenium is an essential micronutrient and sufficient concentrations are essential for numerous biological functions including thyroid hormone metabolism, antioxidant defenses, the immune system and in certain types of cancer. 7, 8 Severe selenium deficiency in humans is associated with a rare but fatal form of dilated cardiomyopathy that is restricted to specific geographic regions (Keshan disease) 9 that have a very low amount of selenium in the soil and therefore in food. Keshan disease is reversible with selenium supplementation. 1 Selenium soil content is very variable and this affects dietary selenium intake. For example, intakes are high in Venezuela, Canada, the USA, and Japan (>100 μg/day), and much lower in some parts of Europe (∼40 μg/day). 7 Observational studies in the general population 7, 10 suggest that selenium deficiency might be common, however data on serum selenium concentrations in heart failure are scarce. [11] [12] [13] On a molecular level selenium is incorporated into, and is essential for the enzymatic activity of 25 different selenoproteins. 13 Selenium depletion deprives the cell of its ability to synthesize enzymatically active selenoproteins, but the effects on mitochondrial function, biogenesis and oxidative stress in human cardiomyocytes are unknown.
Accordingly, we conducted both in vitro experiments on the effects of selenium deprivation on human cardiomyocytes and investigated associations between serum concentrations of selenium and the clinical characteristics and outcomes of a large cohort of patients with heart failure.
Materials and methods
Abbreviated methods are displayed below, for the full materials and methods section, see online supplementary Methods S1.
BIOSTAT-CHF patient population
We used information and samples from the BIOSTAT-CHF index cohort, which consists of 2516 patients with heart failure from 69 centres in 11 European countries. [14] [15] [16] [17] Inclusion criteria included: age > 18 years, symptoms of new-onset or worsening heart failure and at least one of the following: a left ventricular ejection fraction of ≤ 40%, a plasma B-type natriuretic peptide of >400 pg/mL or a plasma N-terminal pro-B-type natriuretic peptide (NT-proBNP) of >2000 pg/mL. Patients could only be included if their treatment did not conform to guideline recommendations [i.e. ≤ 50% of angiotensin-converting enzyme inhibitors (ACEi)/angiotensin receptor blockers (ARB) and/or beta-blockers] and were anticipated to have treatment with ACEi/ARBs and/or beta-blockers initiated or up-titrated. The BIOSTAT-CHF study was approved by the medical ethics committee for each centre and complies with the Declaration of Helsinki. All participants provided written informed consent prior to any study-related procedures. For additional details on the BIOSTAT-CHF study definitions, measurements and outcome analyses and statistical analysis, see online supplementary Methods S1.
Serum selenium determination
Selenium was measured using a validated inductively coupled plasma mass spectrometry (ICP-MS) method with a lower limit of quantitation of 20 μg/L serum. The 78 Se isotope concentration was measured using a Varian 820-MS ICP mass spectrometer. Reference ranges for serum selenium vary between coutries because of differences in dietary sources of selenium. For caucasians of European ancestry, adult reference ranges are between 70 and 130 μg/L. 18 Deficiency of selenium was therefore set at serum levels < 70 μg/L.
For additional details on serum selenium determination, see online supplementary Methods S1.
Cell culture, cardiomyocyte differentiation, selenium depletion and cardiac stress model
Differentiation of HUES9 human pluripotent stem cells (hPSC, Harvard Stem Cell Institute) to cardiomyocytes was achieved as described previously. [19] [20] [21] [22] For the experiments, cells were grown either in CDM3 medium supplemented with 100 nM sodium selenite 23 (Control; S5261, Sigma-Aldrich) or in CDM3 medium without added selenium (selenium deficient cells) for 2 weeks.
For additional details on the functional characterisation of selenium depletion of cardiomyocytes (protein extraction and western blot, RNA extraction and qRT-PCR, immunofluorescence, reactive oxygen species detection and Seahorse experiments), see online supplementary Methods S1 and Table S1.
Statistical analyses
Differences between clinical characteristics across quartiles of selenium levels were compared using one-way analysis of covariance (ANOVA), the Kruskal-Wallis test or the Chi square test where appropriate. Multivariable logistic regression was used to investigate independent associations with selenium deficiency. The association with outcome was investigated using Kaplan-Meier curves and the log-rank test. For multivariable analyses, Cox regression analysis was performed on selenium deficiency and standardized selenium levels, correcting for relevant clinical confounders independently associated with selenium levels (online supplementary Table S2 ) and the BIOSTAT-CHF risk models, which were previously published. 15 The baseline model included, age, daily protein intake, country, haemoglobin, C-reactive protein, high-density lipoprotein cholesterol, albumin, NT-proBNP, sodium and estimated glomerular filtration rate (eGFR by the Chronic Kidney Disease Epidemiology Collaboration equation), all independently associated with selenium levels. The BIOSTAT-CHF risk model for predicting mortality included, age, blood urea nitrogen, NT-proBNP, haemoglobin and the use of a beta-blocker at time of inclusion. The BIOSTAT-CHF risk model for predicting mortality or heart failure hospitalization included age, NT-proBNP, haemoglobin, the use of a beta-blocker at time of inclusion, a heart failure hospitalization in the year before inclusion, peripheral oedema, systolic blood pressure, high-density lipoprotein cholesterol and sodium.
Experimental groups consisted of at least three independent biological replicates and technical duplicates were used. Data shown are 
Results

BIOSTAT-CHF baseline characteristics
Median serum selenium was 87 μg/L [interquartile range (IQR) 73-103] and 485 (20.4%) patients were selenium-deficient (<70 μg/L). Patients with lower serum selenium concentrations were older, more often women, had worse symptoms and signs of heart failure, were more likely to have anaemia, iron deficiency and chronic kidney disease (eGFR <60 mL/min/1.73 m 2 ) and had lower serum albumin and cholesterol ( Table 1) . In multivariable analyses, country of residence, higher age, lower protein intake and lower haemoglobin and albumin concentrations were most strongly associated with selenium deficiency (baseline model; online supplementary Table S2 ). There was considerable geographic variation in serum selenium concentrations (online supplementary Figure S1 ).
Selenium-deficient patients were less likely to complete a 6-min walking test (6MWT) (54% vs. 67%, P < 0.001) and those that did had a shorter 6MWT distance [151 (IQR 0-276) m vs. 225 (IQR 0-364) m; P < 0.001]. Selenium-deficient patients also had a lower overall score on the Kansas City Cardiomyopathy Questionnaire (KCCQ) [41 (IQR 25-57) vs. 51 (IQR 34-69)] ( Figure 1A and  1B) . These associations remained after multivariable correction for baseline associations with serum selenium (coefficient −30, beta −0.07, P = 0.001 and coefficient −4, beta −0.06, P = 0.001, for 6MWT and KCCQ, respectively).
. 
Selenium deficiency associates with higher all-cause mortality and rehospitalisation for heart failure
Overall, 963 (40%) patients died or were hospitalized for heart failure during a median follow-up of 21 (IQR 16-27) months. Selenium defiency was strongly associated [hazard ratio (HR) 1.78; 95% confidence interval (CI) 1.54-2.09] with the primary composite endpoint ( Figure 1C and Table 2 ). This association remained significant (HR 1.21; 95% CI 1.02-1.43) after correction for baseline variables associated with serum selenium or variables included in the BIOSTAT-CHF risk model (HR 1.23; 95% CI 1.06-1.42). Similar associations were found for all-cause mortality (HR 1.52; 95% CI 1.26-1.86) ( Figure 1D and Table 2 ). In sensitivity analyses, we analysed selenium levels as a continuous variable for HR plots using fractional polynomials, which showed an increasing HR with decreasing selenium concentrations for both the composite endpoint ( Figure 1E ) and all-cause mortality ( Figure 1F) . These results were supported by the Kaplan-Meier plots of selenium concentration quartiles, showing gradual increased risk with lower concentrations (online supplementary Figure S2 ). Selenium concentrations were strongly inversely associated with higher rates of the primary combined outcome (HR 0.87; 95% CI 0.81-0.94) and mortality alone (HR 0.82; 95% CI 0.76-0.88) in the multivariable BIOSTAT-CHF risk model. For patients with serum selenium ≥70 μg/L, higher concentrations were independently associated with a better outcome (primary endpoint: HR: 0.90; 95% CI 0.82-0.99 and all-cause mortality: HR: 0.79; 95% CI 0.70-0.90).
Low selenium reduces mitochondrial functionality in human cardiomyocytes
Generated human cardiomyocytes from hPSCs (hPSC-CMs) were stained for cardiac markers, and cardiac-specific gene expression was determined for characterization purposes as described before by Hoes et al. 20 hPSC-CMs cultured for 2 weeks in selenium-free conditions showed reduced mitochondrial function (Figure 2A) . Selenium depleted hPSC-CMs showed a basal levels of oxygen consumption rate of 49% (P < 0.00001) compared to control hPSC-CMs cultured in the presence of selenium (Figure 2A and 2B) . Addition of oligomycin inhibited ATP synthase-linked respiration resulted in 48% less ATP synthase-linked respiration (P < 0.001) ( Figure 2B ). Subsequent addition of the uncoupler FCCP induced mitochondria to function at maximum capacity, which showed a 29% lower maximal capacity (P < 0.005) in selenium-depleted hPSC-CMs ( Figure 2B) . Respiration reserve capacity, an estimate of the potential bioenergetic reserve, was not significantly different between . selenium-depleted and control cells ( Figure 2B) . The same was true for non-mitochondrial oxygen consumption, proton leak and coupling efficiency (data not shown). Mitochondria in selenium-depleted hPSC-CMs also had decreased expression of OXPHOS proteins [NDUFB8 (FC = 0.56), SDHB (FC = 0.55), UQCRC2 (FC = 0.61) and ATP5A (FC = 0.61) representing mitochondrial complexes 1 to 3 and 5, respectively] in hPSC-CMs with immunofluorescence ( Figure 2C ) and western blot ( Figure 2D) . To determine mitochondrial abundance, hPSC-CMs were checked for TOMM20, a mitochondrial membrane marker. Based on immunofluorescence ( Figure 2E ) and western blot results ( Figure 2F ) TOMM20 was reduced in selenium-depleted cardiomyocytes (FC = 0.72; P = 0.004), albeit to a lesser extent than OXPHOS. Furthermore, expression of MFN2 (mitochondrial fusion) and FIS1 (mitochondrial fission) did not change with selenium deficiency (Figure 2G ).
mRNA expression levels of genes involved in (anaerobic) glycolysis or fatty acid metabolism were assessed ( Figure 2G) to determine whether mitochondrial dysfunction was accompanied by a switch in metabolic substrate. Selenium-depleted hPSC-CMs had decreased expression of ACACA and ACLY, but expression of ACACB. LDHA was upregulated as the result of low selenium, but not GLUT4, PKM, HK2.
Low selenium promotes stress-induced increase of reactive oxygen species levels in human cardiomyocytes
Selenium depletion was associated with more oxidative stress. Under normal culture conditions, we found a 33% increase of reactive oxygen species (ROS) levels (P < 0.0001) in selenium-depleted compared to selenium supplemented cardiomyocytes. Induction of oxidative stress by adding rotenone to hPSC-CMs resulted in an additional 20% increase of ROS levels only in selenium-depleted cells (P < 0.005) ( Figure 3A) . Under oxidative stress conditions, the total increase of ROS levels between selenium-depleted and control cells was 52% (P < 0.0001). Addressing the expression of oxidative stress markers at a transcriptional level in selenium-depleted hPSC-CMs showed that, upon stress induction with rotenone, expression of PGC-1 , NOS2, AP-1 and RELA are increased two-fold or more (P < 0.05) ( Figure 3B) . Subsequently, under selenium replete conditions, induction of oxidative stress with rotenone, did not result in a significant induction of the stress markers NOS2, AP-1 and RELA.
Discussion
This analysis shows that many patients with worsening heart failure have a serum selenium concentration < 70 μg/L and that this is associated with poorer quality of life, exercise capacity and prognosis. Serum concentrations of 70-100 μg/L appeared to have similar adverse associations, suggesting that values <100 μg/L, found in >50% of this cohort, might be considered abnormal. 24, 25 In vitro experiments on cultured human cardiac myocytes suggest that selenium deficiency disrupts mitochondrial electron transport . Western blot quantification of (D) NDUFB8, SDHB, UQCRC2 and ATP5A (mitochondrial complexes 1 to 3 and 5, respectively) (n = 6) and (F) TOMM20 (n = 6). (G) Relative fold-change of genes involved in (anaerobic) glycolysis or fatty acid metabolism and mitochondrial fusion and fission (n = 6). OCR, oxygen consumption rate. *P < 0.05; **P < 0.01; ***P < 0.001, ****P < 0.0001. chain function leading to less efficient production of ATP, increased production of ROS and intracellular oxidative damage. However, selenium may not only be a marker of greater disease severity and worse outcome but also a therapeutic target. We found that the relationship between selenium deficiency and signs, symptoms and prognosis were similar or even more pronounced than for iron deficiency. Clinical trials of intravenous iron supplements have shown improvements in symptoms and well-being, and trials . . . . . . . . . . . . . . . . . . . . . . .
investigating effects on morbidity and mortality are underway. Unlike iron, selenium is readily absorbed orally. Trials of selenium supplementation are now required. Selenium accumulates in biological tissue and is generally known as an antioxidant due to its presence in selenoproteins as selenocysteine. Furthermore, it is known to affect production of active thyroid hormone T 3 26 and anti-inflammatory and anti-apoptotic capacity. 27 With the occurrence of modest deficiency, selenoprotein concentrations and activities are preferentially lost based on their demand. 28 Serum selenium concentrations are reduced in many other age-related diseases, including cancer and heart failure. 7, 28 Appetite and therewith food intake may be reduced because of dietary advice on salt and calorie intake, social isolation, possible circulatory congestion and inflammation-induced malabsorption, although evidence on the latter is conflicting. 12, 29 Age-matched healthy controls showed higher selenium levels than patients with worsening heart failure (online supplementary Table S3 ), with only 5% of controls <70 μg/L. Selenium toxicity can occur with ingestion of excess selenium and symptoms include nausea, vomiting, nail brittleness and loss, hair loss, fatigue, irritability and foul breath odour as found in a study investigating a misformulated liquid dietary supplement that resulted in 201 cases of selenium poisoning [the median estimated amount of selenium ingested was 989 mg (range: 41-5875 mg)]. 30 Nonetheless, selenium supplementation is considered to be safe with a recommended dietary allowance of 55 μg/day for persons ≥14 years, with a tolerable upper intake limit of 400 μg/day. 30 A meta-analysis of 25 observational studies on selenium supplementation showed a moderate association between increasing serum selenium concentration and reduced risk of coronary heart disease. 10 However, randomised trials of selenium supplementation did not show a profound reduction in cardiovascular events or mortality, 10 but these where often performed in small cohorts and contain several confounding factors (e.g. age and baseline selenium levels) hampering interpretation and generalization. confounding factor in these trials is the high mean serum selenium levels, especially in cohorts including subjects from countries with relatively high intake (USA, Canada). 31 Beyond a specific selenium concentration, there may be no further advantage of selenium supplementation in reducing cardiovascular mortality. 32 This is supported by our data on exercise capacity and quality of life, showing only for selenium concentrations <100 μg/L a negative effect. Furthermore, selenium is often given in combination with other vitamins or minerals (e.g. zinc, vitamin C and E and -carotene) making it difficult to identify selenium specific effects. 10 A recently reported trial of older people (aged 70-80 years), many of whom were not known to have serious cardiac disease, randomly assigned participants to placebo or supplements of selenium 200 μg/day and coenzyme Q10 for a median of 5.1 years. 33, 34 Daily selenium supplements increased serum selenium concentrations from 45-87 μg/L at baseline to 185-245 μg/L at 48 months, whereas it did not change in those assigned to placebo. 33 Those receiving supplements had lower plasma concentrations of NT-proBNP at 24 and 48 months and improved echocardiographic function. 34 Furthermore, participants with a serum selenium concentration <65 μg/L had a higher cardiovascular mortality compared to those with concentrations >85 μg/L. 33 It is unclear whether there is a synergistic effect of selenium and coenzyme Q10 supplements.
No randomized trial has evaluated the effect of selenium supplements alone in patients with heart failure. The effects of selenium deprivation was assessed for the first time in human PSC-derived cardiomyocytes and showed to impair mitochondrial function, biogenesis and oxidative stress. Mitochondria of selenium-deprived cardiomyocytes had a two-fold lower basal oxygen consumption rate and ATP-linked respiration. Furthermore, on gene expression level, we found decreased expression ACACA and ACLY, but increased expression of ACACB indicating decreased de novo lipogenesis and increased inhibition of fatty acid and glucose oxidation, respectively. LDHA was up-regulated as the result of low selenium, indicative of anaerobic glycolysis. This was in concordance with lower levels of oxidative phosphorylation, implicating a more glycolytic metabolism profile similar to failing cardiomyocytes. 35 We found no evidence for induced mitochondrial fission or fusion. One potential mechanism of benefit from selenium supplementation is the reduction of oxidative stress. ROS levels were increased in selenium-depleted cardiomyocytes under normal culture conditions. Upon inhibiting mitochondrial complex I, ROS levels increased even more with low selenium status, but not in cardiomyocytes with a sufficient selenium status, implying non-optimal working antioxidant machinery. In the acute phase following myocardial infarction and especially subsequent reperfusion, oxidative damage is predominant. One major source for myocardial ROS lies within the mitochondria and its production is linked to glutathione. 33, 36, 37 Glutathione is a selenium-containing enzyme and an important antioxidant in human. Among the 25 selenoproteins in mammals, the family of glutathione peroxidases is a major group whose function is well understood. 1 Nevertheless, much is still unknown of the effect of the other selenoproteins and more research regarding the fundamental mechanisms of these proteins on cardiac homeostasis is necessary.
Limitations
In this retrospective study we only investigated the associations of selenium serum levels with clinical characteristics and outcomes. No data were currently available on other proteomic markers of selenium-dependent pathways, nor oxidative stress. As a result, other signalling components such as selenoprotein P or gluthatione peroxidase were not investigated next to serum selenium. Furthermore, reference ranges for serum selenium vary between coutries because of differences in dietary sources of selenium. For Caucasians of European ancestry, adult reference ranges are between 70 and 130 μg/L. Deficiency of selenium was therefore set at serum levels <70 μg/L. Finally, although numerous associations were identified between selenium and clinical measurements/outcomes, more research regarding the fundamental mechanisms of selenium on cardiac homeostasis and the potential benefits of selenium supplements in patients with heart failure and low serum selenium concentrations is necessary.
Conclusions
In conclusion, selenium is required to maintain health including normal mitochondrial and cardiac function. Many older people, with and without heart failure, have low serum concentrations of selenium, suggesting deficiency. In patients with heart failure, low serum concentrations are associated with more severe symptoms and signs and a worse prognosis. Selenium supplements safely . correct low serum concentrations and in a trial of older people, many of whom did not have serious cardiovascular disease, a combination of selenium and coenzyme Q10 supplements improved outcome. Selenium is readily available, inexpensive and has been thoroughly tested for toxicity, making it a potentially important 'nutraceutical'. Having said this, we would like to state that by using an observational study we are unable to attribute cause and effect of selenium deficiency. Although we show significant effects on mitochondrial function and ROS of in vitro cultured cardiomyocytes, these functional data are suggestive and do not constitute such proof. Therefore, therapeutic trials are needed to achieve conclusive evidence of a causative role of selenium deficiency in heart failure patients and to determine the benefits of selenium supplements in patients with heart failure and low serum selenium concentrations.
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